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Spherical graphite oxide (GO) with high density was synthesized from mesocarbon microbeads (MCMB).
The obtained GO was neutralized by various alkaline metal hydroxides and tetraalkylammonium hydrox-
ides. The neutralized GO showed lower water content and much better thermal stability than those of
pristine GO. The as-prepared neutralized GOs were investigated as electrode materials for electric double
layer capacitor (EDLC) in organic electrolyte. From both the results of galvanostatic charge-discharge and
cyclic voltammetry (CV) measurements, it was found that the tetrabutylammonium hydroxide (TBA-OH)
together with lithium hydroxide neutralized GO (TBA-Li-GO) displayed a relatively ideal EDLC feature
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after electrochemical activation at the initial cycle. The positively polarized TBA-Li-GO with small surface
area (16 m? g ') exhibited a high volumetric capacitance of 60 F cm—3 after 1000 cycles, which is much
higher than that of commercial activated carbon (36 F cm™3).

© 2013 The Authors. Published by Elsevier B.V. Open access under the CC BY-NC-ND license,

1. Introduction

Electric double layer capacitors (EDLCs) have attracted a consid-
erable attention during the past several decades owing to their ex-
tremely high power density and long cycle life. Due to the intrinsic
nature of EDLC, it has been considered as a good candidate for high
power devices, especially for automotive applications [1-4].
Carbon based materials such as activated carbons [5-7], activated
carbon fibers [8,9], carbon aerogels [10,11] and carbon nanotube
[12,13] have been studied intensively for the use as electrode
materials for EDLCs. Among these carbonaceous materials, porous
activated carbons with high surface area (1000-2000 m? g~!) are
considered to be the most ideal electrode material for EDLC. It
has been proved that the activated carbons show good cycleability
and stability in a great variety of electrolytes. However, due to the
large surface area and high porosity of activated carbons, the volu-
metric capacitance of the commercial activated carbon is still in a
low level [14,15].

In the past several years, graphene based material has attracted
great attention from many researchers because of its exceptional
properties and potential applications in energy storage devices
[16,17]. Graphene oxide, which is generated from graphite oxide

* Corresponding author. Tel.: +81 952 28 8674; fax: +81 952 28 8591.
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(GO), has been a promising approach to prepare graphene related
materials. Furthermore, the reduced graphene oxide has been
studied intensively by many researchers for the use as an electrode
material for electrochemical capacitors [18,19]. Although high
gravimetric energy density can be obtained in these devices, the
volumetric energy density of grapheme based electrode materials
is still low because of their porous texture does not allow the dense
packing. Only a few works have successfully obtained electrode
materials with both high gravimetric and high volumetric capaci-
tance in reduced grapheme oxide [20,21]. Therefore, it is of great
necessity to develop high density electrode materials for EDLC.
Herein, we focused on the synthesis of graphite oxide with
lamellar structure by selecting mesocarbon microbeads (MCMB)
as starting material. MCMB has been recognized as an excellent
precursor for the synthesis of high density and high strength car-
bonaceous material since it was first separated from mesophase
pitches by Yamada et al. [22]. The spherical shape of MCMB parti-
cles with lamellar graphene sheet would be ideal for approaching
dense packing. Zheng et al. have investigated non-porous activated
MCMB as the negative electrode for asymmetric electrochemical
capacitors with improve energy and power density [23]. Moreover,
high content of sp® carbon in MCMB may inhibit the exfoliation of
graphene layers during the chemical oxidation so as to retain the
high density. It is also well known that various oxygen functional
groups are introduced into layers of graphene sheets after
oxidation. Due to the existence of some acidic groups, such as
COOH and phenolic OH, GO can be neutralized by various alkaline
hydroxides as well as tetraalkylammonium hydroxides. In this
study, various neutralized GOs with high tap density were
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successfully prepared. Despite of the extremely low surface area,
non-porous neutralized GO showed much higher volumetric
capacitance than that of activated carbon. Furthermore, compared
to the synthetic methods of activated carbons, our method is easy
to operate, very fast, low cost and without the need of chemical
activation at high temperature.

2. Experimental
2.1. Preparation of graphite oxide

GO was synthesized from MCMB (average particle size: 15 pm,
Hosen Co., Japan) according to the traditional Hummers method
[24]. Typically, MCMB (10g) and NaNOs3 (5g) together with
H,S04 (220 mL) were mixed in a round flask placed into the water
ice bath. To avoid vigorous reaction, KMnO, (20 g) was gradually
added into the mixture at 0-10 °C. After the addition of KMnO,,
the mixture was kept at 35 °C for 1 h. Subsequently, the mixture
was transferred to 460 mL H,O and hold strictly at 98 °C for
30 min. The reaction was terminated by adding 1400 mL H,0 and
10 mL H,0,. Then the diluted solution was kept for 1 day followed
by filtering and drying at 80 °C for 12 h.

2.2. Preparation of neutralized GO

For the preparation of neutralized GO, the obtained GO (1.0 g)
was dispersed in 100 mL H,O0. The dispersion was stirred and then
titrated with various alkaline hydroxides solution (0.2 M) and
tetraalkylammonium hydroxides solution (0.24 M) until the
pH =11. The whole process was controlled considerably slow to
enable the fully neutralization of GO. The reaction was kept at
25°C for another 3 h. Then, neutralized GO powder can be
obtained after filtering and drying at 80 °C for 12 h.

2.3. Characterization methods

X-ray diffraction (XRD) profiles of the as-prepared GO and neu-
tralized GOs were recorded for two theta value from 3° to 80° (Cu
Ko radiation, XRD-7000, SHIMADZU). Thermo-Gravimetric/Differ-
ential Thermal Analysis (TG-DTA) measurement was performed
at a heating rate of 5°C min~! from room temperature to 500 °C
in air (Thermoflex TG-DTA 8110, Rigaku). Fourier transform infra-
red spectroscopy (FTIR) spectra of the samples were recorded on a
JASCO 400 FTIR spectrometer (KBr pellets method). Nitrogen
adsorption-desorption isotherm were carried out after the
samples were outgassed and dehydrated at 180°C for 24 h
(Micromeritics Gemini 2360, SHIMADZU). The specific surface area
of each sample was calculated from the Brunauer-Emment-Teller
(BET) method. Mercury intrusion porosimetry measurements were
performed on a Micromeritics AutoPore Il 9420 mercury porosi-
meter (SHIMADZU). The tap density is achieved by mechanically
tapping a measuring cylinder containing a power sample. After
observing the initial volume, the cylinder is mechanically tapped,
and volume readings are taken until little further volume change
is observed. Generally, replicate measurements were carried out
for the determination of tap density.

2.4. Electrochemical characterization of GO and neutralized GO

The symmetric capacitors of neutralized GO and commercial
activated carbon (AC1, Kuraray Chemical Co., Japan) were exam-
ined by using the CR-2032 type coin cell with 1 M triethyl-methy-
lammonium phosphorus hexafluoride (TEMAPFg) as electrolyte.
For the fabrication of electrodes, 10 mg active material together
with 4 mg conducting binder (Teflon:Acetylene black=1:2) was

mixed and pressed on the stainless steel mesh. Then, the electrodes
were dehydrated by a vacuum dry at 150 °C for 12 h. The cell was
cycled between 0 and 3 V at a current density of 0.8 mA cm 2. The
specific capacitance of the symmetric capacitors was estimated
according to the following equations [25]:

Com = (I x AL)/(AV x m) (1)

Csp =4Cy (2)

where C,, is the measured capacitance of the electrode (Fg 1), At is
the discharge time (s), AV is the potential window during the
discharge process (V), m is the total weight of the active material
on the two electrodes, Cg, refers to the specific capacitance of a
single electrode in two electrodes cell.

The cyclic voltammetry (CV) measurements were conducted
under three electrode cells with lithium metal as both reference
and counter electrode. The electrolyte used was a mixture of 1 M
lithium phosphorus hexafluoride (LiPFg) and 1M TEMAPFg in
propylene carbonate with volume ration of 1:5. The capacitance
estimated from CV (C,) was calculated according to following
equation:

Cop = < / idV) JVAVIn (3)

where i is the response current (A), v is the scan rate (Vs 1), AVis
the potential window (V) and m is the weight of the electrode
material (g).

To investigate the electrochemical activation of TBA-Li-GO elec-
trode, galvanostatic charge-discharge measurement was examined
in a half cell with lithium metal as counter and reference electrode.
In this case, the electrolyte used was a mixture of 1 M lithium
phosphorus hexafluoride (LiPFg) and 1 M TEMAPFg in propylene
carbonate (PC) with volume ration of 1:5. The electrodes were
fabricated with the same method as that used in symmetric capac-
itors. Electrochemical impedance spectroscopy (EIS) was recorded
with the potential amplitude of alternative current was 10 mV and
the frequency range was from 50 kHz to 10 mHz.

3. Results and discussion
3.1. Characterization of GO

The XRD patterns of pristine MCMB and GOs are shown in Fig. 1.
Pristine MCMB shows a very sharp diffraction peak at 20 =26°
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Fig. 1. XRD patterns of pristine MCMB and GO: (a) pristine MCMB, (b) GO.
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Table 1
Elemental analysis and physical properties of MCMB and GO.
Sample Elemental analysis Surface area Pore volume
H c N 0 Seer (m?g™")  V(em~3g™)
MCMB 0.02 99.92 - 0.06 3 0.02
GO 1.09 6259 0.11 36.21 14 0.12

which is the characteristic peak of graphite. This peak corresponds
to the diffraction of the (002) plane, being the interlayer distance,
dooz = 0.337 nm. After oxidation, pristine graphite loses its original
intensive peak 20 = 26° and new peak at around 26 = 12° appears,
which indicates that the oxidation of graphite causing a transfor-
mation of the crystalline structure into a new one with a wider
d-spacing. Such a large shift towards lower angle has been proved
to be due to the introduction of water into interlayers of graphite
oxide [26]. The interlayer spacing of GO prepared by us is found
to be around 0.78 nm, which is in accordance with the results pre-
sented by many literatures [27,28]. Table 1 gives the elemental
analysis results, BET surface area and pore volume of pristine
MCMB and GO. The content of oxygen increases greatly in GO,
which also suggests the oxidation of MCMB. Moreover, both the
surface area and pore volume increases after oxidation.

In order to investigate the morphology change after mild oxida-
tion, the SEM measurement was carried out. Fig. 2 shows the SEM
images of pristine MCMB and GO. The average particle size of
MCMB is around 15 pm and very rough surface can be observed.
As it was expected, GO keeps the spherical shapes even after mild
oxidation. From the larger magnification SEM images it is
obviously to see that some cracks with pore diameter around
5-10 pum are generated on the surface of GO. These cracks gener-
ated through oxidation may cause the increase of the surface area
as shown in Table 1.

Since some cracks can been generated in GO through oxidation,
we tried to determine the average pore size of these cracks by
using mercury intrusion porosimetry, which can give a precise
evaluation of the diameter of the cracks. Fig. 3 presents the results
of mercury intrusion porosimetry obtained from pristine MCMB
and GO. The pore diameter of pristine MCMB is around 2-3 pm,
which might be due to the free space generated between the
spherical particles. On the other hand, the diameter of cracks gen-
erated in GO is found to be around 5-8 pm. This value is in good
agreement with the value estimated from the SEM images.

3.2. Characterization of neutralized GOs

It is well known that GO contains various functional groups,
such as COOH, OH, (=0 and C—0—C. Therefore, the acidic groups
in GO can be neutralized by various bases. Acid-base titration is
a powerful tool to determine the content of acidic groups in GO,
such as COOH and phenolic OH groups [29,30]. The pH titration
curves of GO with alkaline hydroxides and tetraalkyl-ammonium
hydroxides (tetrametylammonium hydroxide, TMAOH, or tetrabu-
tylammonium hydroxide, TBAOH) are shown in Fig. 4. Alkaline
metal hydroxides, LiOH, NaOH and KOH, give similar titration
curves, in which continuous increase in pH value is observed
against the amount of the added bases. The ion exchange capacity
of GO estimated at pH = 11 is roughly 3 mmol g~!, which is smaller
than the value reported by Matsuo et al. [31] (3.5 mmol g ') and
Liu et al. [32] (44 mmol g~!). Szabo et al. [33] has investigated
the ion exchange capacity of GO and pointed out that the value
varies in a wide range, depending not only on the synthesis meth-
od, but also the pH and ionic strength. The ion exchange capacities
by ammonium hydroxide give smaller values, which are 2.0 and
1.3 mmol g~! for TMAOH ((CH5),;NOH) and TBAOH ((C4Hg);NOH),
respectively. In other words, larger tetrabutylammonium ion
(TBA") gives smaller capacity. Those results would be easily

Fig. 2. SEM images of pristine MCMB and GO: (a and c) pristine MCMB, (b and d) GO.
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Fig. 3. Mercury intrusion porosimetry results of MCMB and GO.
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Fig. 4. The pH titration curves of GO by various bases.

explained by considering the intercalation of ammonium ion into
GO layers. Also, it is worth noting that the combinations of TBAOH
with LiOH and KOH give similar pH titration curves.

Fig. 5 presents the XRD patterns of GO and neutralized GOs by
various bases. The profiles of neutralized GOs with alkaline metal
hydroxide and tetraalkylammonium hydroxide are completely dif-
ferent. When GO is treated with alkaline metal hydroxide, the
characteristic peak at around 20 = 12° disappeared, which would
be due to removal of intercalated water in GO. On the other hand,
TBAOH neutralized GO (TBA-GO) exhibits new peak at 26 = 10°.
The d spacing of the lowest peak is found to be 1.0-1.02 nm, which
is 20% larger than that of pristine GO. The appearance of the new
peak would support the intercalation of TBA ions between the lay-
ers of GO. Meanwhile, TBA-Li-GO, TBA-Na-GO and TBA-K-GO give
the similar XRD profiles as that of TBA-GO, which also support
the intercalation of TBA ions in GO.

Fig. 6 shows the FT-IR spectra of GO and neutralized GOs. The
presence of various oxygen functional groups in GO is confirmed
by FT-IR spectra. A broad band at 3000-3700 cm~' was contrib-
uted to the presence of hydroxyl groups, due to the water

molecules and to the hydroxyl groups of GO [34]. A band at
1760 cm™! was assigned to be the C=0 stretching vibrations of
the —COOH groups and the following band at 1600 cm~! would
be considered to be the vibration of C=C [35]. A weak peak located
at 1350 cm~! was assigned to be the OH bending of the C—OH
groups [34]. A strong band at 1100 cm™~! might be attributed to
C—O stretching vibration [35-37]. However, in the case of LiOH
neutralized GO (Li-GO), the prominent COOH peak at 1760 cm™!
almost disappeared and only C=0 stretching band was detected.
The decrease of acidic functional groups indicates neutralized GO
was obtained. The intensity of the broad band at approximately
3500 cm™~! assigned to OH was also weakened. In the TBAOH neu-
tralized GO (TBA-GO), the prominent bands at 2900 and 2850 cm ™!
due to the symmetric and asymmetric vibration of the C—H groups
and the peak located at 1360 cm™~! corresponding to C—N vibration
can be observed, which support the existence of TBA ions [38].
Meanwhile, in the TBAOH-LiOH neutralized GO (TBA-Li-GO), the
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Fig. 5. XRD patterns of GO and neutralized GOs:(a) TBAOH-KOH, (b) TBAOH-NaOH,
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decrease of the peak at 1760 cm™! and the observation of TBA ions
are also obvious.

We have found that when GO is heated at around 200 °C, it
decomposed explosively and changed to fine particles. Such an
explosive reaction of massive GO causes the increase in both pore
volume and surface area has been reported [39]. Stability of GO
against heat-treatment at around 180 °C under the vacuum allows
it to use safely as electrode material for capacitor using organic
electrolyte. Therefore, it is of great importance and necessity to fur-
ther investigate the thermal property of GO and neutralized GOs.

189

Fig. 7 gives TG/DTA profiles of GO and neutralized GOs. Release
of water would occur at less than 175 °C, which is accompanied
with a broad endothermic peak in DTA profile. The total mass loss
of GO below 175 °C was around 30%. Sharp weight loss together
with an exothermic peak in DTA profile around 200 °C, suggesting
the violent decomposition of some oxygen functional groups in GO.
Further, weight loss at more than 400 °C is attributed to the
burning of GO in air.

On the other hand, weight loss of neutralized GOs below 175 °C
decreased to about 5%. Furthermore, in the neutralized GOs, the
strong exothermic peaks observed in DTA profile of GO vanished.
Above different thermal characters between GO and neutralized
GOs suggest that the thermal stability of GO is improved
significantly after neutralization. The improved thermal stability
of neutralized GOs can enable the further heat treatment safely.

3.3. Electrochemical characterization of GO and neutralized GOs

Since TBA-Li-GO shows larger interlayer distance and low water
content, we tried to use it as electrode materials for electric double
layer capacitor (EDLC). The EDLC features of TBA-Li-GO are pre-
sented in Fig. 8(d). For comparison, commercial activated carbon
(AC1), GO and lithium hydroxide neutralized GO (Li-GO) were also
tested. The charge and discharge curves of AC show good linearity
in all cycles, which is a typical feature of EDLC. For pristine GO,
bend curve can be observed at around 1.3 V. The observed capaci-
tance would be due to the electrochemical decomposition of water
or oxygen functional groups remained in GO. The rapid decrease in
capacitance in the following cycles also suggests that the faradic
reaction might occurred in pristine GO. In the case of Li-GO, ideal
EDLC feature was obtained though the capacitance is rather small
than that of AC1. The capacitance remained almost the same in the
subsequent cycles. The improved electrochemical properties for
Li-GO would be attributed to the lower water content and
stabilization of oxygen functional groups after neutralization. In
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Fig. 8. Galvanostatic charge and discharge curve of (a) AC1, (b) GO, (c) Li-GO and (d) TBA-Li-GO symmetric capacitors.
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Fig. 11. Impedance spectra of TBA-Li-GO electrode cycled between OCV and 4.3V,
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contrast, TBA-Li-GO exhibits a different charge profiles at the first
charge process. It is worth noting that very small capacity of
TBA-Li-GO is observed below 2 V, suggesting that negligible small
double layer was formed when the non-porous carbon was dipped
into the electrolyte solution. However, a voltage plateau appears in
the voltage range between 2 and 3 V. Due to the appearance of this
voltage plateau, the capacitance below 2 V increases greatly in the
following cycles. Similar results have been reported by Kim et al.
[39] and Takeuchi et al. [40,41] previously. The increasing capaci-
tance is said to be associated with the intercalation of electrolyte
ions between the internal layers after electrochemical activation
at the first charge. It is seems that the neutralized GO in our work
can also be activated electrochemically.

In order to further investigate the electrochemical properties of
TBA-Li-GO, cyclic voltammetry (CV) measurement was carried out.
Fig. 9(a) and (b) present the CV curves of TBA-Li-GO and activated
carbon (AC1) in various voltage ranges at the scan rate of 5mVs—'.
When the potential range was set between 2.0 and 4.0V, only a
small value of current was observed. Also, it is obvious that the
current value increased after 5 cycles. Furthermore, when we
enlarge the potential range to 1.5-4.5V and 1.2-4.8V, it is
interesting to find that the current increased gradually with the
increasing of working voltage. Meanwhile, it is clear to see that
the current increased upon cycling. However, from the CV curves
of AC1 we can find that there is no obvious increasing of current
upon cycling. The above results reveal that electrochemical
activation process occurred for the TBA-Li-GO sample when it
was cycling at wider working voltage range. This phenomenon
has been reported by Hantel et al. [21], in which they demon-
strated that the partially reduced graphite oxide exhibited a
increasing of capacitance while treated at specific activation
potential.

However, we cannot give a possible explanation for this activa-
tion process only from the CV measurement. In order to elucidate
the mechanism for the increased capacitance, galvanostatic
charge-discharge tests of a single TBA-Li-GO electrode were
performed. The potential range were set from the open circuit
potential (OCV) to 43V, 4.5V, 48V as well as to 2.0V, 1.5V,
1.2 V. Fig. 10(a) and (b) display the charge and discharge curves
of TBA-Li-GO electrode cycled as positive and negative electrode,
respectively. As shown in Fig. 10(a), the appearance of voltage

plateau at the initial charge are observed in all the three potential
ranges. As it was mentioned above, such voltage plateau also
appeared at the first charge profile of symmetric capacitors. If
the electrode was first positively polarized at high potential, non-
faradic capacity increased significantly in the subsequent cycles.
The increased capacitance for TBA-Li-GO at a wider potential range
is in good agreement with the results of CV measurement. Since it
was revealed that electrochemical activation of TBA-Li-GO by
positive polarization at high potential is very effective activation
process, we tried to further study the effect of negative polariza-
tion. As it is shown in Fig. 10(b), different from positive polariza-
tion, this is no appearance of voltage plateau even though the
electrode was discharge to 1.2V. Furthermore, although the
capacity of TBA-Li-GO slightly increased at larger potential range,
the capacity is much lower than that after positive polarization.

Another independent experiment was carried out to investigate
the effect of positive polarization. At first, a new TBA-Li-GO
electrode was positively polarized at 4.8 V and then discharge to
3 Vin a half cell. After a certain rest time, the positively polarized
electrode was then cycled between 3V and 1.2 V. The obtained
charge and discharge profiles of the polarized electrode are shown
in Fig. 10(c). As it was described in Fig. 10(b), the TBA-Li-GO elec-
trode delivered very small capacity when it was cycled between
3V to 1.2 V. However, as shown in Fig. 10(c), the discharge capac-
ity of the polarized TBA-Li-GO electrode increased to about
100 mA h g~!. Moreover, it delivered a much higher capacity in
the subsequently cycles than that of the electrode without positive
polarization. Therefore, based on the above results, we believe that
the increased capacitance of TBA-Li-GO electrode at wider
potential range should be mainly attributed to the electrochemical
activation by positive polarization. The neutralized GO in this
study seemed to be more sensitive to positive polarization than
negative polarization, which is a little different from that of oxi-
dized meso-carbon microbeads by Oh et al. [42]. As it was pointed
out by Hantel et al. [43], beside the influence of interlayer distance
of carbon materials, the chemical composition of electrode mate-
rial and the electrolyte solution seems to affect the electrochemical
activation and thus the capacitance.

It is possible that the positive polarization of TBA-Li-GO elec-
trode would also generate new sites which are accessible for the
electrolyte ions. Due to the generation of the new sites, it could
be expected that the ion transfer resistance of polarized electrode
would decrease, which would facilitate the adsorption of
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Fig. 12. Ex situ FTIR profiles of pristine TBA-Li-GO electrode (a) and TBA-Li-GO
electrode after cycling between OCV and 4.8 V (b).
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Fig. 13. Cyclic voltammogram of TBA-Li-GO obtained in various scan rates.

200 T T T T T T T T T

150

100

Capacitance (F/cm3)
S
I

—100

—-150 .

~200 L L L L L L L L 1
1
Potential (V vs. Li/ Li*)

Fig. 14. Cyclic voltammogram of TBA-Li-GO and AC1 obtained between potential
range of 1.2-4.8 V within the scan rate of 10 mV s~

electrolyte ions. In order to verify this assumption, the impedance
spectra of TBA-Li-GO electrode cycled between OCV and 4.3V,
4.5V and 4.8 V after 100 cycles are present in Fig. 11. For compar-
ison, the spectrum of electrode before cycling is also presented. The
spectra of four different state electrodes show a semicircle at high
frequency followed by the transition to linearity at low frequency
region. The first semicircle implies the charge transfer resistance
and the vertical line nearly 90° indicates purely capacitive behav-
ior. By comparing the spectra it is obvious that the fresh electrode

Table 2
Physical properties and volumetric capacitance of AC1 and TBA-Li-GO.

showed very large internal resistance which is proved by the
appearance of large semicircle. However, the internal resistance
of the electrodes after cycles decreased dramatically. Especially
for the electrode positive polarized at 4.8 V, the internal resistance
became extremely low compared with that of other electrodes. As
is stated above, the generation of new absorption sites for electro-
lyte ions after positive polarization might result in a low internal
resistance.

However, different from polarized carbons, the TBA-Li-GO in
our study still contains a certain amount of oxygen functional
groups as it was proved by the FTIR results. Therefore, beside the
generation of pores between the graphene layers, there is still
the possibility that the residual oxygen containing groups in
TBA-Li-GO could also contribute to the increased capacity after
electrochemical activation. To see whether the decomposition of
residual oxygen groups in TBA-Li-GO occurred or not upon cycling,
the ex situ FTIR measurement of TBA-Li-GO electrode after cycling
between OCV and 4.8 V was carried out and the results are shown
in Fig. 12. It is can be seen from the FTIR profiles that the oxygen
containing groups are still remaining in TBA-Li-GO electrode even
cycled at high potential after 100 cycles. Aside from the difference
in peak intensity, the peak position of TBA-Li-GO electrode after
cycling is the same as that of pristine TBA-Li-GO. Moreover, it
has been demonstrated that the contribution to the specific capac-
itance of oxygen containing groups can be neglected in organic
electrolyte [44]. Therefore, we could exclude the possibility that
the capacitance contribution result from the residual oxygen
groups in TBA-Li-GO.

Fig. 13 presents the CV profiles of TBA-Li-GO with various scan
rates in the range of 1.2-4.8 V. The CV curves of TBA-Li-GO are
close to a rectangular shape at various scan rates, which is indic-
ative of the typical double layer capacitor behavior. Moreover,
there is no obvious capacitance loss even at the scan rate of
50 mV s~!, which reveals the good rate capability of TBA-Li-GO
electrode.

Fig. 14 displays the CV curves of TBA-Li-GO and AC1 electrode
after 100 cycles. The CV curves of TBA-Li-GO keeps the rectangular
shape as that of commercial AC1 even after 1000 cycles, which
illustrates that the capacitor behavior is retained for TBA-Li-GO
electrode. The capacitance of AC1 and TBA-Li-GO after 1000 cycles
calculated from galvanostatic charge and discharge test and those
from three electrodes are summarized in Table 2. Even though the
extremely small surface area of TBA-Li-GO compared to that of
AC1, TBA-Li-GO delivers high volumetric capacitance, 60 Fcm 3
and 85 F cm™> calculated from two electrode cell and three elec-
trode cell, respectively. The volumetric capacitance of a single
TBA-Li-GO after positive polarization at the first charge is almost
two times than that of commercial AC1. The volumetric capaci-
tance was calculated by only considering the density of the active
material. As it was pointed out some other researchers that the
expansion of the electrode after the electrochemical activation
[45,46]. It is obvious that the electrochemical activation to cause
a massive expansion of the electrode which would reduce the
density of the active material. Further study is undergoing to
investigate the dimensional change of TBA-Li-GO electrode after
electrochemical activation by employing in situ dilatometry
measurement.

Electrode BET surface area Tap density Specific capacity in two electrode cell Specific capacity in three electrode cell
material (m?g™1) (gecm™3) (Fecm™3) (Fecm™3)

AC1 1400 0.38 36 45

TBA-Li-GO 16 0.85 60 85
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4. Conclusions

We have synthesized spherical graphite oxide with MCMB as
starting material. The morphology of the as-prepared GO kept
the spherical shape even after mild oxidation. We are also able to
determine the diameter of the pores generated in GO for the first
time. It was found that thermal stability of neutralized GOs is
improved extremely because of disappearance of heat evolution
around 200 °C. Furthermore, the as obtained non-porous TBA-
Li-GO shows an ideal EDLC feature and delivers high volumetric
capacitance of 60 Fcm > and 85 Fcm 3 in two electrode cell and
three electrode cell, respectively. The high capacitance of non-por-
ous TBA-Li-GO may mainly be attributed to the generation of pores
that are easily accessible to electrolyte ions after positive polariza-
tion at the first cycle. Moreover, the TBA-Li-GO obtained in this
study does not require any kind chemical activation at high tem-
perature such as that of activated carbons. Consequently, our study
presents a feasible and low cost way for the synthesis of dense
electrode materials.
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